Vinculin is a ubiquitously expressed multiliganded protein that links the actin cytoskeleton to the cell membrane. In myocytes, it is localized in protein complexes which anchor the contractile apparatus to the sarcolemma. Its function in the myocardium remains poorly understood. Therefore, we developed a mouse model with cardiac-myocyte-specific inactivation of the vinculin (Vcl) gene by using Cre-loxP technology. Sudden death was found in 49% of the knockout (cVclKO) mice younger than 3 months of age despite preservation of contractile function. Conscious telemetry documented ventricular tachycardia as the cause of sudden death, while defective myocardial conduction was detected by optical mapping. cVclKO mice that survived through the vulnerable period of sudden death developed dilated cardiomyopathy and died before 6 months of age. Prior to the onset of cardiac dysfunction, ultrastructural analysis of cVclKO heart tissue showed abnormal adherens junctions with dissolution of the intercalated disc structure, expression of the junctional proteins cadherin and ␤1D integrin were reduced, and the gap junction protein connexin 43 was mislocalized to the lateral myocyte border. This is the first report of tissue-specific inactivation of the Vcl gene and shows that it is required for preservation of normal cell-cell and cell-matrix adhesive structures.
Vinculin is a 117-kDa, 1,066-amino-acid protein which is ubiquitously expressed and is a part of the complex that anchors actin to the cell membrane. It is highly conserved among diverse species, ranging from Caenorhabditis elegans to humans (4, 82) . Sequence data and a host of biochemical and electron microscopy studies have shown that vinculin binds to a large number of proteins, including talin, paxillin, focal adhesion kinase, ␣-catenin, and protein kinase C-␣, among others (3, 40) .
The determination of vinculin's crystal structure confirmed prior data that vinculin has a head-to-tail intramolecular association (3, 10) . Importantly, this interaction can mask vinculin's binding sites. One model suggested that multiple ligands need to bind vinculin for its activation (3), while others suggested that activation required binding of a single strong ligand only, such as talin or ␣-actinin (39) . Evidence also showed that binding of acidic phospholipids, such as phosphoinositidyl-4-5-phosphate (PIP-2), to vinculin prevented its head-to-tail association (32) .
With exposure of appropriate binding sites, vinculin forms a molecular bridge between the extracellular matrix and the actin-based cytoskeleton of the cell as it binds to talin, ␣-actinin, paxillin, and actin. Vinculin is recruited to focal adhesions and, in doing so, may strengthen the binding of cells to extracellular matrix ligands, allowing them to resist stress from mechanical forces applied to cell surface integrins (25) .
In addition to its position within the cell-matrix linkages, vinculin is also localized in the cell-cell adherens junctions that link one cell to the next (27, 28) . In binding to catenins, it is recruited to the tails of cadherins and thereby detected in cellular adherens junctions (81) . Recent work has shown that vinculin regulates association of ␤-catenin with membrane-associated guanylate-kinase inverted 2 (MAGI-2). This association leads to reduction of the tumor suppressor phosphatase and tensin homologue deleted on chromosome 10 (PTEN) by ubiquitin proteolytic degradation (70) . Through this process, vinculin appears to play a critical role in the dynamic regulation of adherens junctions, at least in epithelial cells (70) . Despite extensive analyses, the function of vinculin in the intact cell remains poorly understood (18, 20, 33, 63, 90) .
Knowledge gained from cultured vinculin-deficient cells. Adhesion structures turn over rapidly during cell spreading and vinculin exchanges into or out of them within seconds (17) . While vinculin-null embryonic fibroblasts still formed focal adhesions, these adhesions were smaller than those formed in wild-type cells and turned over more rapidly (63) . Vinculin-deficient mouse F9 embryonic carcinoma cells showed alterations in cell spreading, motility, and lamellipodium formation (23) . Importantly, cellular studies also showed that (i) cell adhesive strength can be increased exponentially by vinculin recruitment to adhesive sites, (ii) vinculin orchestrates mechanical coupling between integrins on the cell surface and the cellular cytoskeleton, and (iii) cell stiffness is reduced in the absence of vinculin (34) . Work by S. W. Craig's group using Forster resonance energy transfer showed that when vinculin was recruited to the plasma membrane, its conformation changed as it was activated; ligands were bound, and therefore, the composition of proteins in the focal adhesion was altered (13) . Thus, vinculin's conformation appears to correlate with functional changes in the cell membrane that occur with membrane protrusion or retraction. Fluorescent speckle microscopy of PtK1 cells was used to measure coupling between proteins in the focal adhesion and actin filaments (38) and showed that vinculin was part of the complex that provides a "molecular clutch" juxtaposed between the cytoskeleton and integrins, enabling regulation of cell migration. This compilation of work showed that vinculin stabilizes focal adhesions and that its expression level influences cell stiffness. When vinculin is expressed in its normal complement, it can protect cells from injury caused by mechanical forces.
Vinculin and cell contact sites of cardiac myocytes. As contractile cells, cardiac myocytes are basally under continuous mechanical stress. Therefore, understanding the role of vinculin in these cells is critical. Cell-cell and cell-matrix junctions in cardiac myocytes are termed intercalated discs (ICDs) and costameres, respectively. Vinculin is located in both of these locations (29, 68, 73, 75, 78) . The ICDs are the most important cell-cell junction of the myocardium, joining myocytes in a staggered arrangement at their ends. Within the ICD are structures necessary for mechanical adhesion. First are fascia adherens, which dock the actin filaments to the membrane and contain proteins such as N-cadherin, catenin, and vinculin. Second are desmosomes, which link the intermediate filament desmin to the muscle termini with proteins such as desmoplakin. Both of these mechanical linkages strengthen myocytes, bridging the contractile apparatus of adjacent muscle cells. A third component of the ICD is the gap junction which is composed of connexins (Cx) and allows for rapid conductance of action potentials, thereby electrically coupling cells (16, 54) .
In contrast to the ICDs at the ends of myocytes, the costamere defines the lateral cell border and is necessary for organizing myofilaments into a three-dimensional structure. Costameres were in fact first defined as "vinculin-containing bands" which encircle the myocyte perpendicular to its long axis (52) . This grid-like structure organizes a series of proteins which link the sarcomere, through the cytoskeleton, to the extracellular matrix. As a multiprotein structure of organized muscle tissue, costameres are akin to the focal adhesions of cultured cells. The costamere thus also provides a site for maintenance of structure and of mechanotransduction in the contracting cardiomyocytes (62) . Importantly, work by Sharp et al. (65) has shown that contractile arrest of neonatal ventricular cardiac myocytes led to depletion of vinculin from cell-matrix contact sites, while in contrast, mechanical stretch increased vinculin content. Vinculin expression was regulated in parallel with ␤1 integrin. This work suggested an important role for vinculin in maintaining the structural integrity of cardiac myocytes.
Vinculin and the intact heart. To date, few studies have explored the role of vinculin in the living organism. In humans, vinculin expression was found to be increased in the basal failing heart or in failing hearts that were not aided by a mechanical ventricular assist device (9) . These data suggested that vinculin expression might increase as a means to strengthen the failing cardiac cell. In contrast, when mouse hearts were infected with Trypanosoma cruzi, a parasite causing Chagas' disease cardiomyopathy, vinculin expression was decreased particularly in the costameric region of myocytes, and ICD alignment was irregular, suggesting that T. Cruzi might in part lead to heart failure by disrupting normal vinculin expression and localization (47) .
More direct data on the function of vinculin in the heart came from work on the 124-kDa splice variant isoform of vinculin termed metavinculin, which is expressed only in muscle and platelets. Metavinculin arises from a 68-aminoacid insertion at residue 915 in the vinculin sequence (7, 12, 42, 49, 69) . Metavinculin appears to interact with an array of proteins within the cell similar to that observed for vinculin (8) and may account for up to 40% of the total combined pool of vinculin and metavinculin protein in vascular smooth muscle and 20 to 50% in cardiac muscle but only 6 to 8% of the total skeletal muscle pool (7) . The amount of metavinculin expressed in human cardiac tissue appears greater than that in mouse (84) . Metavinculin levels can be increased by mechanical loading, as has been determined with rat skeletal muscle (15) . Subcellularly, metavinculin and vinculin colocalize. In vitro studies suggest that the head and tail regions of metavinculin and vinculin can interact with each other but that the rate of association of the vinculin head with the vinculin tail may be less than that of the metavinculin head with the metavinculin tail (59, 84) . Studies showed that metavinculin induced an F-actin supraorganization different from that of vinculin, with fine texture F-actin filaments organized by metavinculin, compared to larger bundles with vinculin (59) . These results indicate that the ratio of metavinculin to vinculin at ICDs or other cellular structures likely influences the stiffness of cells through its organization of actin. Recent reports have shown that altered expression or mutation of metavinculin can lead to cardiac dysfunction and interestingly link metavinculin abnormalities to both dilated and hypertrophic forms of human cardiomyopathy (44, 51, 76, 77) .
The Vcl gene has been deleted globally the mouse. Homozygous global Vcl knockout (VclKO) mice died by embryonic day 10.5, with neural defects, aberrant forelimb development, and hearts of reduced sizes with fewer myocytes than normal. Whether the cardiac phenotype was directly caused by primary loss of vinculin expression from the cardiac myocyte or occurred due to secondary effects of vinculin protein loss from noncardiac cells led us in part to the current study. Heterozygous VclKO cells had 50% of the wild-type vinculin protein levels. Though heterozygous VclKO mice are viable and fertile and grossly do not have any abnormalities, our work has shown that they are predisposed to cardiac failure when challenged with increased hemodynamic loading (88).
We hypothesized that vinculin was critical for the mechanical stability of cardiac myocytes, since it is an actinbinding protein positioned for anchoring the sarcomere to the cell membrane as well as one myocyte to the next. For this purpose, we constructed a novel mouse model where reduction of vinculin/metavinculin occurs only in cardiac myocytes. In this report, we show that loss of vinculin from myocytes results in sudden death or heart failure. Structural, biochemical, and microscopic analyses revealed remodeling of cell-matrix and cell-cell junctions. This in vivo model greatly advances our understanding of vinculin's function.
MATERIALS AND METHODS
Generation of the floxed Vcl targeting construct. PCR was used to derive fragments of the Vcl genomic sequence. For this, a 129/Sv mouse genomic clone was used as a template (86) . Three fragments were used for construction: (i) a 5Ј flanking fragment (2,043 bp) composed of Vcl intron 2 sequence, (ii) a middle (847-bp) fragment composed of 369 bp of intron 2, exon 3 (151 bp), and 327 bp of intron 3, and (iii) a 3Ј fragment (2,182 bp) composed of 315 bp of intron 3, 109 bp of exon 4, and 1,758 bp of intron 4. The resulting construct positioned the middle (exon 3)-containing fragment between loxP recognition sites and a phosphoglycerate kinase (PGK)-neomycin (Neo) selection cassette between FLP recombination target recognition sites (Fig. 1A) . The targeting vector sequence was confirmed, and then 129/Sv-LW1 embryonic stem (ES) cells were electroporated with the linearized targeting vector. Neo-resistant clones were characterized further as described below.
Genotyping of cVclKO mice. The genotypes of the mice were determined by PCR as shown in Fig. 1A . Primers P3 (5Ј-CCTGCGCGGGATTACCTCATTG AC-3Ј) and P2 (5Ј-TGCTCACCTGGCCCAAGATTCTTT-3Ј) allowed detection of the recombinant allele, producing an 843-bp band from the wild-type allele and a 960-bp from the floxed allele. To assess for Cre recombinase expression, primers CreF (5Ј-GTTCGCAAGAACCTGATGCACA-3Ј) and CreR (5Ј-CTAGAGCCTGTTTTGCACGTTC-3Ј) were used to produce a 350-bp Cre product. PCR conditions were 1 cycle of 1 min at 94°C, 35 Vcl exon 3 was confirmed by PCR analysis using primers P1 (5Ј-TTACGCCTA GCACTTGAA-3Ј) and P2 (described above) (Fig. 1A) with the following conditions: 1 cycle of 30 s at 94°C, 35 cycles of 30 s at 54°C, 1 cycle of 30 s at 72°C, and 1 cycle of 10 min at 72°C. All animal study protocols were approved by the institutional review committee, and all mice were housed in an AAALACapproved facility. Antibodies and fluorochromes. The following antibodies were used: mouse monoclonal anti-pan-vinculin (which detects both vinculin and metavinculin) (clone hVin-1, V9131; Sigma, St. Louis, MO); rabbit polyclonal anti-pan cadherin (C3678; Sigma), rabbit polyclonal anti-connexin 43 (anti-Cx43, C6219; Sigma), rabbit polyclonal anti-␤1D integrin (55) , rabbit polyclonal anti-desmoplakin (AHP 320; Serotec, Raleigh, NC), rabbit polyclonal anti-dystrophin (E2664; Spring Bioscience, Fremont, CA), mouse monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (TRK5G4-6C5; RDI Division of Fitzgerald Industries International, Concord, MA), horseradish peroxidase-conjugated anti mouse/anti-rabbit (115-175-146/771-035-152; Jackson Immunoresearch, West Grove, PA), Alexa Fluor 488 goat anti-mouse (A-11029; Molecular Probes, Invitrogen, Carlsbad, CA), and Alexa Fluor 568 goat anti-rabbit (Molecular Probes, Invitrogen, A-11036).
Western blotting. Freshly isolated hearts were immediately frozen in liquid nitrogen, pulverized, homogenized in modified radioimmunoprecipitation assay buffer, and analyzed via techniques described previously (2, 64) . Whole-heart protein lysate was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and Western blots were performed to detect vinculin/metavinculin and GAPDH. Blots were incubated with primary antibodies overnight at 4°C. Dilutions were anti-vinculin (1:5,000) and anti-GAPDH (1:5,000 to 1:30,000). Densitometric quantitation of protein bands was performed digitally (ChemiImager 4400; Alpha Innotech Corp., San Leondro, CA).
Quantitative real-time RT-PCR. For real-time PCR studies, total RNA was isolated from hearts of 9-to 12-week-old male mice by using RNA-Bee (TelTest, Inc., Friendswood, TX) according to the manufacturer's protocols. Realtime reverse transcriptase PCR (RT-PCR) was carried out using a QuantiTect SYBR green RT-PCR Kit (QIAGEN, Valencia, CA), following the manufacturer's protocol. Thirty nanograms of RNA was used as a template. The primers used for quantitation were as follows: ANF-1 (5Ј-CATCACCCTGGGCTTCTT CCT-3Ј), ANF-2 (5Ј-TGGGCTCCAATCCTGTCAATC-3Ј), BNP-1 (5Ј-GCGG CATGGATCTCCTGAAGG-3Ј), BNP-2 (5Ј-CCCAGGCAGAGTCAGAAACT G-3Ј), GAPDH-1 (5Ј-ATGTTCCAGTATGACTCCACTCACG-3Ј), GAPDH-2 (5Ј-GAAGACACCAGTAGACTCCACGACA-3Ј), Metavinculin-1 (5Ј-CTTTC CCCTCTGACATGGAA-3Ј), and Metavinculin-2 (5Ј-GAATAAGTGCCCGCT TGGTA-3Ј).
The PCR conditions were 30 min at 50°C and 15 min at 95°C for reverse transcription and then 44 cycles of 30 s at 94°C, 30 s at 56°C, and 40 s at 72°C for all primer sets except metavinculin, which used 40 cycles of 15 s at 95°C, 60 s at 62°C, and 40 s at 72°C. All reactions were performed using a PCR real-time thermocycler (model 7300; Applied Biosystems, Foster City, CA).
Tissue acquisition, morphometry, histology, electron microscopy, and immunofluorescence microscopy. For morphometric analyses, the animals were sacrificed at the ages indicated in the text. At sacrifice, hearts were arrested in diastole by injection of a high-potassium solution (25 mM KCl and 5% dextrose in 1ϫ phosphate-buffered saline). Heart tissue was preserved, and immunomicroscopy was performed as previously described (64) . Ten-micrometer cryosections were prepared via standard techniques and stained with antibodies as outlined previously (2). Antibodies were diluted as follows: anti-vinculin, 1:700; anti-pan cadherin, 1:600; anti-connexin-43, 1:600; anti-desmoplakin, 1:600; anti-␤1D integrin, 1:1,500; anti-dystrophin, 1:100; and all secondary antibodies, 1:300. Control sections stained with the primary antibodies alone did not detect autofluorescence of the heart tissue, and no significant background fluorescence was evident in the sections stained with secondary antibody alone. The results were visualized via a confocal microscope (Zeiss LSM 510) or one with deconvolution optics (Deltavision software; Applied Precision, Inc., Seattle, WA).
For transmission electron microscopy studies, five samples from each genotype were analyzed. The samples were fixed in Karnovsky's fixative (4% paraformaldehyde, 2.5% glutaraldehyde, 5 mM CaCl2 in 0.1 M Na cacodylate buffer, pH 7.4) overnight at 4°C, followed by treatment with 1% OsO4 in 0.1 M Na cacodylate buffer, pH 7.4, for 1 h at room temperature. Tissue pieces were then en bloc stained with 4% uranyl acetate in 50% ethanol and subsequently dehydrated using a graded series of ethanol solutions, followed by treatment with propylene oxide and infiltration with epoxy resin (Scipoxy 812; Energy Beam Sciences, Agawam, MA). After polymerization at 65°C overnight, ultrathin sections (70 to 80 nm) were stained with lead citrate, and electron micrographs were recorded by using an electron microscope (1200EX; JEOL) operated at 80 kV (88).
Physiological, surgical, and echocardiographic procedures. Invasive hemodynamic determinations were performed at baseline, following dobutamine infusions, as previously described (64, 88) . Briefly, animals were anesthetized via intraperitoneal injection of 100 mg/kg ketamine and 5 mg/kg xylazine and placed on a warming pad. Heart rate and temperature were continuously monitored. Following anesthetization and intubation, both vagus nerves were cut and the right carotid artery was exposed. A 1.4 French micromanometer-tipped catheter (Millar Instruments, Houston, TX) was inserted and advanced until a left ventricular pressure tracing was visualized. The catheter was adjusted so that no catheter trapping was evident. The animals were recovered from the initial procedure, and baseline pressure measurements were obtained. Sequential, continuous perfusions of graded dobutamine doses (1, 2, 4, and 8 mg/kg/min) were administered for 3 minutes at each dose. The measurements were acquired, digitized, displayed, and analyzed with the Datasciences/Ponemah Physiology Platform program (V4.40; Datasciences/Ponemah, St. Paul, MN). All hemodynamic data were recorded continuously to ensure stable levels of pressures and heart rates. Data from the last 30 seconds of each dose interval were used for analysis.
Conscious telemetry utilizing an implantable wireless transmitter/receiver system (Datasciences/Ponemah) was performed on mice. For all implantation procedures, the mice were anesthetized with ketamine (100 mg/kg)-xylazine (5 mg/kg) and monitored continuously. Under the stereomicroscope, incisions were made along the abdominal midline caudal to the xyphoid process, right axillary and horizontally, along the left fifth intercostal space. A radio transmitter (ETA-F20; Datasciences) was inserted into the abdominal cavity and secured via sutures to the parietal peritoneum and muscular fascia. Two leads were tunneled through the subcutaneous space to reach the thoracic wall overlying the apex of the heart and the right acromion and were sutured in place. The incisions were closed in layers, and the animal was allowed to recover. For monitoring, animals were housed singly in Plexiglas cages and fed food and water ad libitum. A 24-h diurnal light cycle was maintained, with standard 12-h-on and 12-h-off cycles (0700 to 1900 on, 1900 to 0700 off). Transmitters were detected by receiver platforms placed directly underneath the animal's cage. The receiver platforms were linked to an immediately adjacent computer. Dataquest ART 2.0 data acquisition software (Datasciences) was used for digitization of the signal (at a sampling rate of 1,000 Hz) and for on-line display of the electrocardiogram as well as for data storage onto a hard disk. Studies were recorded continuously beginning 72 h following recovery from the implantation.
Echocardiography (M-mode, two-dimensional, and Doppler) was performed on animals under isoflurane anesthesia and measured by investigators blinded to the genotype of the animal, as previously described (88) .
Optical mapping. Optical studies were performed on isolated murine hearts from 8-week-old mice (n ϭ 7 for each group [cVclKO and control]) with the potentiometric dye Di-4-ANEPPS, and the left ventricular epicardium was optically mapped with a high-speed charge-coupled-device camera. Motion artifact was attenuated with perfusion of 15 mM 2,3-butanedione monoxime. Epicardialaction-potential propagation was mapped during intrinsic rhythm and ventricular pacing. In these studies, 5 seconds of data per run was acquired, with views of the epicardium mapped at 64-by-64 pixel images in 12-bit format, using a high-speed camera at 950 frames/second. Spatial phase shift and temporal median filtering were implemented, and activation at each pixel was identified at the maximum rate of change of fluorescence, as described previously (71) . During ventricular pacing, local curvature was quantified by calculating the gradient of the normalized conduction velocity vector field (6) . A disorganized wave front can be quantified by a greater negative curvature (37) , indicating areas of local conduction delay or heterogeneity.
Statistical methods. Data were compiled and are shown as means Ϯ standard errors of the means. Unless noted, data were evaluated using unpaired, twotailed t tests (95% confidence interval) or two-way repeated-measure analyses of variance with post hoc analysis using a Bonferroni test and GraphPad Prism4 software (GraphPad Inc, San Diego, CA). Genotypic analysis for comparing observed versus expected frequencies was evaluated using Chisquare analysis. A P value of Ͻ0.05 was considered significant.
RESULTS
Mice with a floxed Vcl allele have been created to allow tissue-specific gene excision. We adapted the successful gene targeting strategy from global VclKO mice to allow for tissuespecific gene excision at the Vcl locus. A diagram of the wildtype and recombined alleles is shown in Fig. 1A 1B) . Clones judged to be successfully targeted were further confirmed by PCR and then used for microinjection into C57BL/6 mouse blastocysts. Mice with successful germ line transmission of the targeted allele were identified and termed Vcl "floxed" mice. The heterozygous Vcl "floxed" mice (Vcl fl/ϩ ) still contained the selectable marker cassette PGK-Neo and thus were mated to FlpE recombinase deleter mice (58) [Tg(ACTFLPe)9205Dym; Jackson Laboratories, Bar Harbor, ME] to excise the selectable marker (Fig. 1A) . PCR was used to confirm appropriate FlpE-mediated excision of the Neo selectable marker (data not shown). Subsequently, the mice were bred with a mouse line which expresses ventricular myosin light chain-2 (MLC2v)-Cre recombinase via a knock-in allele (14) (Fig. 1A) . These mice express Cre recombinase only in ventricular cardiac myocytes and cause gene excision and protein reduction beginning in the perinatal period (19, 53, 64) . Homozygous floxed Vcl mice (Vcl fl/fl ) that also expressed the cardiac-myocyte-specific Cre recombinase (Vcl fl/fl MLC2v
Cre/ϩ ) were termed cVclKO. Cre-negative littermates with the genotype Vcl fl/fl MLC2v ϩ/ϩ were used and termed "control" mice. All mice were bred and maintained in a mixed genetic background (SV129/Black Swiss).
To assess for Cre-mediated gene excision, DNA was prepared from whole tissues as indicated and PCR was used with primers 5Ј and 3Ј of Vcl exon 3, termed primers P1 and P2 (Fig. 1A) . PCR with this primer set produced a 1.4-kb product for the wild-type exon 3 allele, a 1.7-kb product for the unexcised, floxed exon 3 allele, and an 0.8-kb amplimer only following Cre-medicated excision of the Vcl allele (Fig.  1C) . The 0.8-kb band was detected only in heart samples from mice that also expressed Cre-recombinase (Fig. 1C,  lanes 3 and 4) , not in heart samples from mice that did not express Cre (Fig. 1C, lanes 1 and 2) or from any other tissue, whether Cre expression was present or not (Fig. 1C, lanes 5  to 12) . The 1.7-kb product was still detected in whole-heart DNA samples, even when Cre recombinase was expressed (Fig. 1C, lanes 3 and 4) , since Cre-mediated excision did not occur in all myocytes, and also since DNA from nonmyocytes was still present in this sample. Thus, mice in which the Vcl gene could be excised specifically in cardiac myocytes were created.
Cardiac-myocyte vinculin deficiency leads to high mortality rates. Genotypic analysis of mice at weaning age detected animals homozygous for the floxed vinculin allele that were also positive for the MLC2v-Cre allele. Initial evaluation showed that these mice could survive to adulthood. Therefore, Vcl fl/fl MLC2v Cre/ϩ mice were bred with Vcl fl/fl MLC2v ϩ/ϩ mice. Evaluation of 56 litters from such a breeding scheme resulted in 440 live births. The genotypes of these mice as shown in Table 1 indicated that the cVclKO mice survived to a weaning age (3 weeks of age) and had expected Mendelian ratios. To assess Vcl gene expression in our cVclKO model, we compared the relative vinculin/metavinculin protein contents in the control and cVclKO hearts. Since vinculin is expressed in myocytes and nonmyocyte cells in the heart (74) and MLC2v-Cre is expressed only in the ventricular myocytes, the best way to make this comparison is to use protein lysates from isolates of ventricular myocytes of the adult mouse myocardium. To isolate adult ventricular myocytes, we routinely perform collagenase digestion of the heart via retrograde perfusion of the aorta (Langendorff retrograde perfusion) (50) . Healthy, rodshaped myocytes could be easily isolated in high numbers from wild-type mice as well as control mice. In contrast, hearts from the cVclKO mice gave reproducibly low yields of rod-shaped myocytes, with very poor plating efficiency, even when collagenase concentration was varied and/or digestion time was reduced, indicating that vinculin-null cardiac myocytes were fragile and intolerant to isolation. Given these results, we turned to alternative methods to assess how expression of vinculin/metavinculin had changed in the cVclKO hearts. Since metavinculin is expressed only in muscle cells within the myocardium (7, 8) , we assessed how the metavinculin transcript was altered using real-time PCR and how its protein expression changed via Western blotting of samples from intact cVclKO hearts compared to those from control littermates ( Fig. 2A and B) . Three-month-old cVclKO mice showed a 57% reduction of metavinculin transcript expression, normalized to GAPDH transcript levels ( Fig. 2A) (n ϭ 4 for each group, P Ͻ 0.009 for comparison with controls), and a 71% reduction of metavinculin protein expression (Fig. 2B ) compared to what was found for littermate control animals. Densitometric analysis was performed by normalizing metavinculin expression to simultaneously measured GAPDH expression (n ϭ 6 for each group for Western blotting, P Ͻ 0.0007 for comparison with controls) (data not shown). Residual vinculin expression was detected in the cVclKO samples since they were from whole heart, and vinculin was still expressed at normal levels in the nonmyocyte component and a small percentage of myocytes within these lysates. Microscopic evaluation of cardiac tissue from cVclKO and control tissue was performed using an anti-vinculin antibody which detected both vinculin and
The expression of metavinculin transcript and protein is significantly reduced in heart, and vinculin/metavinculin immunoreactive expression is reduced in cardiac myocytes. (A and B) Whole-heart samples from 12-week-old mice were analyzed by using either real-time RT-PCR (A) or Western blotting (B). Since metavinculin is expressed only in cardiac myocytes within heart, its reduction was used to assess reduction of the total vinculin/metavinculin pool, which would be reduced in the myocytes. In each case, evaluation was made so that metavinculin expression was normalized to GAPDH expression. cVclKO hearts showed a 57% reduction of normalized metavinculin transcript expression compared to control hearts (A) (n ϭ 4 for each group; * , P Ͻ 0.009), while a 71% reduction of metavinculin protein expression was found in cVclKO hearts compared to littermate control levels (B) (n ϭ 6 for each group; P Ͻ 0.0007 for densitometric data from Western blotting; data not shown). Vinculin protein expression was still detected since it was present in nonmyocytes as well as a portion of myocytes. (C and D) Microscopic analysis of myocardial tissue showed that vinculin is absent in a large number of cardiac myocytes from cVclKO mice. Immunostaining using an anti-muscle specific ␤1D integrin antibody (C) or an anti-dystrophin antibody (D) was used to specifically visualize myocytes in longitudinal orientation (C) or in a cross-section (D). Vinculin was still expressed in cells of blood vessels (arrowhead in panel C), nonmyocytes (arrow in panel C), and a portion of myocytes (white dots in panel D) in cVclKO hearts. (Fig. 2C) or dystrophin [ Fig. 2D]) . In cVclKO hearts, vinculin/metavinculin-null myocytes were clearly visualized, but residual vinculin expression was detected in vessels, nonmyocytes, and patches of myocytes, in agreement with previous studies which also used MLC2v-Cre for excision of floxed genes (64) . Initially, cVclKO mice were visibly indistinguishable from their littermate controls. Despite appearing healthy, many of the cVclKO mice were observed to die suddenly. Therefore, we followed the cVclKO mice as well as matched controls on a daily basis for 6 months as shown in Figure 3A and B (for cVclKO mice, male n ϭ 66, female n ϭ 49). Gender affects the mortality rate in cVclKO mice. By 14 weeks of age, only 51% of male cVclKO mice survived (A) (cVclKO n ϭ 49, control n ϭ 37), compared to 71% survival of cVclKO female mice (B) (cVclKO n ϭ 66, control n ϭ 52). Male mice older then 14 weeks developed dilated cardiomyopathy (CM) and showed a more rapid mortality than female mice. No male mice survived past 32 weeks of age compared to 4% of female cVclKO surviving until this age. The gray box in panel A denotes the age range during which mice were found to die suddenly but still had normal cardiac systolic function.
FIG. 4.
Young cVclKO mice show cardiac hypertrophy with preserved systolic function and mild diastolic dysfunction. (A to D) Millar catheterization of 9-to 14-week-old male cVclKO and control mice showed no differences in basal or dobutamine-stimulated heart rate (A), left ventricular systolic pressure (LVSP) (B), or LV dP/dt max (C). LV dP/dt min (D) was significantly reduced in cVclKO mice compared to that in control mice (cVclKO n ϭ 6, control n ϭ 5; * , P Ͻ 0.004 for 4 mg/kg/min and P Ͻ 0.01 for 8 mg/kg/min). BL, baseline; BL (R), return to baseline. (E and F) Morphometry and molecular markers show that 8-to 11-week-old cVclKO mice develop cardiac hypertrophy. (E) Increased heart weight/body weight (HW/BW) and heart weight/tibia length (HW/TL) ratios were seen in cVclKO mice compared to those in control mice ( * , P Ͻ 0.006 for HW/BW and P Ͻ 0.003 for HW/TL; cVclKO n ϭ 24, control n ϭ 19). Beginning at 6 weeks of age, male mice displayed a more rapid mortality than female mice ( Fig. 3A and B) . Young cVclKO mice that died suddenly did not show any signs or postmortem evidence of cardiomyopathy (Fig. 3A , gray outlined area). In contrast, male and female mice older then 14 weeks of age showed clear signs, symptoms, and postmortem evidence of heart failure. Given the more accelerated findings in male cVclKO mice, this gender was utilized for the subsequent studies. Young adult male cVclKO mice have normal systolic cardiac function, with molecular and morphological evidence of cardiac hypertrophy. Next, we evaluated cVclKO mice at discrete time points. First, cardiac function was assessed in 9-to 12-week-old mice by invasive catheterization with a micromanometer-tipped catheter. No differences in heart rate, systemic blood pressure, or contractility (maximum rate of pressure increase with respect to time [LV dP/dt max ]) were evident between cVclKO and control mice (Fig. 4A to  C) . Relaxation as estimated by LV dP/dt min was normal in the cVclKO mice at baseline and with several doses of dobutamine, but abnormalities at the higher dobutamine doses were found, consistent with mild diastolic dysfunction (Fig. 4D) . Morphometric ratios (heart weight/body weight and heart weight/tibia length) as well as atrial natriuretic factor and brain natriuretic peptide transcript levels were increased in the cVclKO mice at this age, consistent with evidence of mild morphometric and molecular cardiac hypertrophy ( Fig. 4E and F) . Histological evaluation showed that cVclKO hearts had morphological hypertrophy and only mild fibrosis (Fig. 4G to J) . Despite these findings, by 14 weeks of age, 49% of male cVclKO mice died suddenly. Mortality in these younger age cVclKO mice was therefore not due to systolic failure. cVclKO mice which survive sudden death later develop a dilated cardiomyopathy. Since the survival rates of the cVclKO mice continued to decline as they aged (Fig. 3A , Dilated CM), we followed the function of the mice with successive echocardiograms. As shown in Fig. 5A to F, there was progressive dilation of the left ventricle in systole and diastole ( Fig. 5A and B) which paralleled the decline in overall ventricular function, evidenced by reduction of percent fractional shortening (%FS) and velocity of circumferential fiber shortening (Vcf) (Fig. 5C and D) . These findings are consistent with a dilated cardiomyopathy which developed as the mice aged. Representative examples of echocardiograms in the 16-week-old control and cVclKO mice are shown in Fig. 5E and F. As mentioned above, we restricted our detailed analyses to male cVclKO mice, yet female mice also showed gross evidence of heart failure, with dilated hearts and accumulation of edema fluid evidenced by ascites, pericardial effusion, and increased lung weight (data not shown). Histologically, replacement fibrosis and left ventricular dilation were noted in the cVclKO mice compared to what was found for the controls (Fig. 5G  and H) . 
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Cardiac conduction abnormalities and ventricular tachycardia are seen in cVclKO mice at early ages. Since the cVclKO mice were found to have high mortality rates early in life despite normal systolic cardiac function, we next examined whether arrhythmias that could lead to sudden death might be present. For this purpose, we performed conscious telemetric monitoring of electrocardiograms. As shown in Fig.  6A , control mice showed evidence of normal sinus rhythm, with P waves preceding each narrow QRS complex. In contrast, cVclKO mice showed frequent evidence of heart block (Fig. 6B) , and more dramatically, two of the three monitored cVclKO mice showed runs of polymorphic ventricular tachycardia (Fig. 6C) .
To further evaluate the etiology of rhythm disturbances, electrical activity was monitored in the Langendorff-perfused hearts of 8-week-old cVclKO and control mice. We first analyzed hearts prior to dye loading or pacing. In this basal state, six of seven cVclKO hearts (86%) had spontaneous ventricular ectopy, while no ectopy was seen in seven control hearts (data not shown). Next, optical mapping was performed using the voltage-sensitive dye Di-4-ANEPPS. Action potential propagation was recorded during intrinsic rhythm and ventricular epicardial pacing. The electrical activity of the left ventricular epicardium was mapped with a high-speed charge-coupled-device camera, and activation patterns were analyzed. During apical pacing, cVclKO hearts displayed disturbed wave front propagation compared to controls (n ϭ 7 for each group). Representative maps from one control and one KO heart are shown in Fig.  6D and E. Quantification of the map data showed a greater negative wave front curvature in the KO hearts than in the controls, which was consistent with an arrhythmogenic substrate (Ϫ1.284 Ϯ 0.435 mm Ϫ1 in cVclKO versus Ϫ0.751 Ϯ 0.333 mm Ϫ1 in controls; P Ͻ 0.05; n ϭ 7 for each group). During point pacing, a positive wave front curvature is expected and a negative curvature indicates a region of local conduction slowing. These data were obtained from animals that did not have evidence of cardiac dysfunction, so the arrhythmogenic phenotype could be specifically analyzed distinct from the effects that cardiac dysfunction might have on rhythm generation. Separately, older KO hearts that had progressed to show a cardiomyopathic phenotype were shown to have similar optical maps and displayed frequent arrhythmias, while no rhythm abnormalities were seen in the control hearts (data not shown). These data importantly indicate that the cVclKO myocardium is prone to ventricular ectopy and lethal ventricular arrhythmias prior to the onset of functional abnormalities but, not surprisingly, continues to have this propensity as the cVclKO myocardium becomes dysfunctional. The combined data of conscious telemetry and optical mapping show that vinculin deficiency severely disrupts electrical conduction in the heart prior to any changes in contractile dysfunction.
Vinculin deficiency results in abnormal myocardial ultrastructure prior to any changes in cardiac function. To determine if ultrastructural changes might be evident in the myocardium prior to any detectable change in physiological function, we evaluated myocardial samples from 6-week-old mice (Fig. 7A to D) . Since vinculin is located at the ICD, and ICDs are critical regions for cell-cell stabilization within the myocardium, we particularly focused on this area of the tissue. Samples were obtained from five mice of each genotype and examined by a microscopist blinded to the genotype of the sample. Representative photomicrographs from the samples are shown. Control tissue showed electron-dense ICDs with contractile filaments inserted tightly into the region immediately juxtaposed to the ICD (Fig. 7A and C) . In contrast, cVclKO samples showed a more highly serrated ICD structure which had reduced electron-dense staining throughout ( Fig. 7B and D) . Myofibrils also appeared separated from the ICD compared to what was found for the control samples ( Fig. 7B and D) . In addition, mitochondria were seen as tightly packed strands between myofibrillar structures in control hearts but were loosely arranged and disorganized in the cVclKO tissue. These results show that loss of vinculin from the cardiac myocyte disturbs ICDs, myofibrillar structure, and mitochondria prior to alterations in myocardial function. Alterations in the ICD could predispose the cVclKO mice toward both abnormal cardiac conduction and disturbed function, as shown above.
Loss of vinculin from myocytes correlates with reduced expression of cadherin and integrin from the myocardium as well as redistribution of connexin 43. To assess whether reduced myocyte vinculin might alter the expression or cellular arrangement of other proteins within cell-matrix or cellcell adhesive junctions, we evaluated representative proteins found within these cellular sites. Western blotting was performed on whole-heart lysates and showed that both cadherin and the muscle-specific isoform of ␤1 integrin (␤1D) were decreased in parallel with metavinculin reduction in the cVclKO hearts compared to control levels (Fig. 7E) . No changes in protein expression levels of Cx43, desmoplakin, or ␣-catenin were noted (data not shown). Microscopy using the anti-␤1D integrin antibody was in agreement with these Western blot results, as shown earlier in Fig. 2C . These results suggest that when vinculin/metavinculin is lost from the myocyte, altered expression of proteins within cell junctions occurs.
Immunomicroscopy was next performed on tissue from physiologically normal 8-week-old cVclKO and littermate FIG. 6 . Sudden arrhythmic death and conduction abnormalities are found in cVclKO mice prior to any decrement in systolic function. (A to C) Rhythm strips from conscious telemetry. Normal sinus rhythms were seen in control mice (A) compared to complete atrioventricular block and ectopy in cVclKO mice (B). Two of the three 13-week-old cVclKO mice showed nonsustained polymorphic ventricular tachycardia (C) and died soon after. (D and E) Optical mapping was performed on isolated mouse hearts. Optical mapping of the left ventricular epicardium was performed with 8-week-old control and cVclKO hearts. Epicardial pacing of control (D) and cVclKO (E) hearts was performed, and activation maps were constructed. Representative data are shown as was detected uniformly in all hearts tested from each group. cVclKO hearts displayed irregular conduction wave fronts, with regions of greater negative curvature indicating a region of local conduction slowing (Ϫ1.284 Ϯ 0.435 mm Ϫ1 in cVclKO versus Ϫ0.751 Ϯ 0.333 mm Ϫ1 in the control; P Ͻ 0.05; n ϭ 7 for each group). . Panels are representative of micrographs obtained from five animals of each genotype that were reviewed by investigators blinded to the genotype of the animal. (E) Whole-heart lysates from 12-week-old mice with preserved cardiac function were analyzed by Western blotting. Representative blots are shown. Densitometric analyses of cVclKO hearts showed a 71% reduction of metavinculin protein expression (P Ͻ 0.007, n ϭ 3), 42% reduced protein expression of the muscle-specific integrin isoform ␤1D, and 55% reduced cadherin protein expression compared to control levels (P Ͻ 0.03, n ϭ 3) (data not shown). Densitometric analyses were performed by normalizing metavinculin, cadherin, or ␤1D integrin expression to simultaneously measured GAPDH levels.
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ICDs (Fig. 8A , panels 4 to 6). Cx43 expression, which was found mainly at the ICDs in control mice (Fig. 8B , panels 7 to 9), was redistributed to the lateral cell border in cVclKO cardiac myocytes (Fig. 8B , panels 10 to 12). Although cadherin as well as Cx43 immunostaining appeared abnormal in cVclKO hearts, the desmoplakin expression pattern was preserved in the ICD (Fig. 8C, panels 13 to 18 ). These data show that when vinculin is lost from cardiac myocytes, expression of the junctional proteins cadherin and ␤1D integrin are reduced, and Cx43 becomes mislocalized to the lateral cell border.
DISCUSSION
The membrane-associated protein vinculin plays an important role in cell adhesion of cultured cells (13, 38, 63, 65) . In whole-animal studies, global (total) KO of the vinculin gene caused lethality at embryonic day 10.5, with neurological and cardiac abnormalities (86) . Vinculin's role in the intact heart was specifically tested in the current study. We created a mouse with a "floxed" Vcl allele. These mice were mated to ones where Cre recombinase was expressed only in cardiac myocytes, leading to cardiac-specific Vcl gene excision. This is the first report of mice with a "floxed" Vcl allele. This mouse model will allow in vivo excision of the Vcl gene in a cell-or tissue-specific manner. Further, our data directly link vinculin's in vivo function to preservation of normal cell-cell and cell-matrix adhesive structures of the cardiomyocyte.
We had hypothesized that vinculin would be critical for the mechanical stability of cardiac myocytes, since it is an actin-binding protein positioned for anchoring the sarcomere to the cell membrane as well as one myocyte to the next. In line with this, we found that 49% of the cVclKO mice appeared initially healthy but died suddenly before 14 weeks of age, while mice that survived past this age developed cardiac dysfunction. Given these physiological findings, we investigated the protein expression and localization of components from all three ICD junctions in 8-week-old cVclKO mice. We particularly chose to study mice at this young age since they showed only minimal abnormalities in physiological function. Once hearts have evolved to show compromised function (heart failure), many secondary abnormalities can result and it can be difficult to link pathological abnormalities with a primary protein abnormality.
Reduced cadherin expression and disturbed ICDs in cVclKO mice. In our young cVclKO mice, the adherens junction protein N-cadherin was shown absent from vinculinnull cardiac myocytes. At the ultrastructural level, cVclKO mice showed altered ICD structures with deeply serrated cell-to-cell borders and reduced electron-dense adherens junctions. In line with our finding were those for cardiacspecific N-cadherin KO mice which showed that the loss of myocyte N-cadherin resulted in the destabilization of the ICD as well as gap junctions, leading to disturbed electrical function (41, 43) . It is interesting to note that vinculin directly binds ␣-catenin and that catenins are tightly linked to cadherins. In contrast to the phenotype in the N-cadherin cKO mice, cardiac-specific excision of ␣-E catenin showed right ventricular thinning and left ventricular dilation in the absence of any arrhythmias. Vinculin was completely lost from ICDs in these mice. Several studies of cardiac-specific ␤-catenin KO mice found no phenotype, likely due to upregulation of the related protein plakoglobin (67, 89) , though recent work showed that loss of ␤-catenin from myocytes may cause adaptive hypertrophy in the adult heart (5). In addition, cardiac-specific expression of a stabilized mutant of ␤-catenin prevented angiotensin II-induced cardiac hypertrophy (5).
Our study shows that loss of vinculin dramatically alters cadherin-containing cell-to-cell adhesion structures, leading to destruction of ICDs. The mechanism of how vinculin precisely controls the expression levels of cadherin and more importantly stabilizes the adherens junction can only be conjectured. A traditional view has been that vinculin is part of the large and growing complex of proteins which couple cadherin, through catenins, to the actin filaments within the cell (26) . Recent work by the Weis and Nelson groups (22, 80, 87) have called this stabilized view of the cadherin-based junction into question and suggest one where there are dynamic changes in ␣-catenin to regulate the actin-based cytoskeleton. Interestingly, at least in the model system used by these authors (22, 87) , vinculin could not bind to the cadherin-␤-catenin complex and actin at the same time. As we found evidence for in the whole heart, loss of vinculin from all locations within the myocyte likely effects tension development in the cell. Interestingly, work with COS-7 and MTD-1A cells (48) showed that inhibition of cell tension through RNA interference suppression of myosin II or treatment with blebbistatin directly caused loss of vinculin from the cells but did not affect the cadherin/ catenin complex localization.
Vinculin is also localized in the cell-cell adherens junctions that link one cell to the next (27, 28) . In binding to catenins, it is recruited to the tails of cadherins and thereby is detected in the adherens junctions (81) . Recent work has shown that vinculin regulates association of ␤-catenin with membrane-associated guanylate-kinase inverted 2 (MAGI-2). In turn, PTEN, a tumor suppressor, is reduced by ubiquitin proteolytic degradation (70) . Related work on MAGI-1 in endothelial cells showed that with MAGI-1 depletion, vinculin redistributed from cell-matrix to cell-cell adhesions and that vinculin might be part of a feedback loop which could strengthen adherens junctions (61) . Thereby, vinculin appears to play a critical role in the dynamic regulation of adherens junctions, at least in epithelial and endothelial cells, and based on our data, is also essential for preservation of adherens junctions in cardiac myocytes.
Heterogeneous Cx43 distribution in young cVclKO mice. Rapid communication between myocytes requires gap junctions, one component of the ICD. In our cVclKO mice, we found a redistribution of Cx43 from the ICD to the lateral cell wall in the vinculin-null cells. As is the case in many Cre-Lox mouse models, there were still some myocytes which continued to express vinculin, and therefore, they also displayed normal Cx43 distribution. Therefore, cVclKO heart tissue has heterogeneous Cx43 distribution, which in itself might predispose toward cardiac rhythm disturbance. In support of our findings, heterogeneous KO of Cx43 in a chimeric mouse model resulted in localized regions of cell- (37) . Since, in the adult heart, Cx43 usually localizes in the end-to-end junctional complexes forming low-resistance pathways for propagation of electrical impulses between cardiomyocytes, an altered distribution, as we saw in the cVclKO mice, likely provided for an arrhythmogenic substrate (1). Concordant with our findings of ventricular rhythm disturbances in the cVclKO mice, patients with chronic atrial fibrillation showed lateralization of Cx in atrial tissue (56) . At the ICD, Cx43 is associated with an N-cadherin-containing multiprotein complex that is required for gap junction formation, although some studies suggest that the organization of adherens junctions and desmosomes is independent of gap junctions (35) . To our knowledge, vinculin has not been shown to directly bind Cx43 (31) . Studies of liver and NIH 3T3 cells have suggested that cadherins are essential for gap junction formation (24, 43, 79) . Further, work using neonatal rat cardiac myocytes indicated a role for catenins in development of gap junctions (85) . Elegant recent work using HeLa cells showed that small interfering RNA knockdown of ␤-catenin or disruption of cadherin interactions with the adherens junction could disrupt gap junction formation, in line with models indicating that gap junction formation is preceded by cell-cell contact and hemophilic cadherin-cadherin interactions (66) . In agreement with our data, cardiac-myocyte-specific loss of N-cadherin led to decreased Cx43 expression levels, with conduction slowing and arrhythmogenesis (43) . Further, induction of myocardial infarction in rats led to combined mislocalization of adherens and gap junctions (46) , while an ischemia-reperfusion stress in rabbit hearts led to reduction and redistribution of both N-cadherin and Cx43, with the loss of cadherin preceding that of the connexin (72) . Still, how adherens and gap junctions functionally interact is not completely understood (60) . Mice with cardiac-myocyte-specific loss of Cx43 have normal heart structure and contractile performance but, similar to our cVclKO model, show spontaneous ventricular arrhythmias and sudden death (36) . Studies of astrocytes have shown that increased pressure can cause loss of membrane-associated Cx43 with redistribution of the connexin protein in the cytoplasm (45) . Our young vinculin-deficient hearts had only minor changes in relaxation, with no other significant physiological changes. Therefore, it is unlikely that Cx43 distribution in the young cVclKO hearts was affected by physical changes, as was shown in astrocytes. Still, further studies are necessary to show whether loss of vinculin from the multiprotein complex which includes cadherins and catenins directly causes altered distribution of connexins in our model.
In their basal "unstressed" state, young cVclKO mice showed evidence of mild morphometric, histological, and molecular cardiac hypertrophy. Invasive catheterization revealed normal baseline systolic function that responded appropriately to adrenergic agonist stimulation, though dP/ dt min , an indicator of relaxation, was found to be abnormal during administration of dobutamine. These abnormalities are consistent with restrictive cardiac physiology. Restrictive cardiomyopathy is rare and often associated with sudden death in children, but the underlying mechanism has not been determined (30, 57) .
Dilated cardiomyopathy develops in cVclKO mice older than 3 months of age. The structural integrity of the myocyte and whole heart requires proper mechanical linkages between cells, as would be orchestrated by adherens junctions, as well as from cells to the extracellular matrix, provided by the costameric complex. cVclKO mice that survived through the vulnerable period of sudden death developed dilated cardiomyopathy and died before 6 months of age. When we examined young mice that did not yet have functional abnormalities, we found loss of both cadherin expression and the costameric protein ␤1 integrin. Since vinculin serves roles in both of these critical structural linkages of the heart, the vinculin-deficient myocyte can clearly be predisposed toward failure. Interestingly, mice with cardiac-specific deletion of the costameric proteins integrin-linked kinase, ␤1 integrin, focal adhesion kinase, and Melusin all displayed a dilated cardiomyopathic phenotype, though some of these models required a second "hit" of either pharmacological or hemodynamic stress for this to occur (11, 21, 53, 64, 83) . Importantly, in agreement with our tenet that the localization of vinculin at the ICD predisposes the cVclKO mice to cardiac arrhythmias, none of these mouse models with only costameric protein disturbances had an arrhythmogenic phenotype preceding the development of heart failure.
In conclusion, we have developed the first model which allows assessment of vinculin's function in a tissue/cell-specific manner. In the heart, vinculin deficiency leads to destabilization of the cadherin-catenin protein complex, maldistribution of gap junction proteins, and disturbance of cell-matrix junctional proteins. Therefore, normal vinculin expression is necessary for preservation of both contractile and electrical function. The dilated cardiomyopathic phenotype of our model agrees with that seen in patients with metavinculin mutations. Our results suggest that genetic screening for vinculin mutations in patients with family histories of lethal cardiac arrhythmias or cardiac dysfunction is prudent.
five individual 0.5-m sections. Since residual vinculin expression could still be detected in the cVclKO hearts, immunofluorescent staining with an antivinculin antibody was performed in all examinations. cVclKO hearts showed absent vinculin staining at costameres and ICDs compared to normal vinculin distribution in control hearts (A, panels 1 and 4; B, panels 7 and 10; and C, panels 13 and 16). Pan-cadherin staining was localized normally in the control ICDs (A, panels 2 and 3) but was absent in cVclKO cardiac myocytes (A, panels 5 and 6). Cx43 staining was localized along the ICD region in the control (B, panels 8 and 9) but was redistributed to the lateral cell border in cVclKO myocytes (B, panels 11 and 12). Desmoplakin (DP) staining was found to be normally localized in control ICDs (C, panels 14 and 15) as well as in cVclKO (C, panels 17 and 18). 
